The relationship between vitamin D metabolites and subclinical vascular disease is controversial. Because low serum levels of 25-hydroxyvitamin D (25(OH)D) have been associated with many cardiovascular disease (CVD) risk factors, we hypothesized that serum 25(OH)D levels would be inversely associated with inflammation as measured by C-reactive protein (CRP) and with subclinical vascular disease as measured by carotid intimal medial thickness (cIMT) and coronary artery calcification (CAC). We measured 25(OH)D levels in 650 Amish participants. CAC was measured by computed tomography and cIMT by ultrasound. The associations of 25(OH)D levels with natural log(CAC ? 1), cIMT, and natural log(CRP) levels were estimated after adjustment for age, sex, family structure, and season of examination. Additional analyses were carried out adjusting for body mass index (BMI) and other CVD risk factors. 25(OH)D deficiency (\20 ng/ml) and insufficiency (21-30 ng/ml) were common among the Amish (38.2% and 47.7%, respectively). 25(OH)D levels were associated with season, age, BMI, and parathyroid hormone levels. In neither the minimally or fully adjusted analyses were significant correlations observed between 25(OH)D levels and CAC, cIMT, or CRP (R 2 \ 0.01 for all). Contrary to our hypothesis, this study failed to detect a cross-sectional association between serum 25(OH)D levels and CAC, cIMT, or CRP. Either there is no causal relationship between 25(OH)D and CVD risk, or if there is, it may be mediated through mechanisms other than subclinical vascular disease severity. , a level associated with maximal suppression of intact parathyroid hormone (iPTH) and reduced fracture rates [7] . When 28 ng/ml is used as a cutoff, it is estimated that approximately 41% of men and 53% of women in the United States have insufficient levels of 25(OH)D [8] .
Vitamin D has long been known to be vital to bone health [1] . More recently, vitamin D has been shown to play a role in the risk of malignancy [2] , immune function [3] , and cardiovascular health [4] . The major source of vitamin D is endogenous production via the action of the sun's ultraviolet b light on 7-dehydrocholesterol precursors in the skin, converting them to vitamin D 3 . Vitamin D 3 undergoes 25-hydroxylation in the liver to form 25-hydroxyvitamin D 3 (25(OH)D), the metabolite that reflects stores of vitamin D. The active metabolite, 1,25(OH) 2 D (also called calcitriol), is formed after 1-hydroxylation in the kidneys [5] , but its serum level does not correlate well with vitamin D deficiency. The optimal level of 25(OH)D has been suggested to be C30 ng/ml (75 nmol/L) [6] , a level associated with maximal suppression of intact parathyroid hormone (iPTH) and reduced fracture rates [7] . When 28 ng/ml is used as a cutoff, it is estimated that approximately 41% of men and 53% of women in the United States have insufficient levels of 25(OH)D [8] .
Previous studies have suggested that lower 25(OH)D levels are associated with increased cardiovascular disease (CVD) risk [9] [10] [11] [12] [13] . Epidemiologically, such an effect is also supported by associations observed between 25(OH)D deficiency and many CVD risk factors, including hypertension, diabetes mellitus, obesity, and high serum triglyceride levels [14] . In the National Health and Nutrition Examination Survey (NHANES), the multivariable-adjusted odds of the metabolic syndrome decreased progressively across increasing quintiles of 25(OH)D concentrations (P \ 0.001 for the trend) [15] , suggesting that higher vitamin D stores may protect against insulin resistance [16] .
The putative effects of vitamin D and its metabolites on CVD risk could potentially be explained by their antiinflammatory actions [17] . The active vitamin D metabolite, 1,25(OH) 2 D, has immunoregulatory properties [3] and the vitamin D receptor is found on inflammatory cells [18] . Treatment with calcitriol, [1, 25(OH) 2 D], has been used as an immunosuppressive agent in preventing cardiac transplant allograft rejection [19] . Furthermore, supplementation with calcitriol and vitamin D has also been shown to reduce production of inflammatory markers and cytokines, including C-reactive protein (CRP) [20, 21] .
Despite evidence linking low vitamin D levels to CVD risk, there remains wide debate about the role of serum vitamin D metabolites, including 25(OH)D, on CVD risk because some studies have also reported associations between increased levels of vitamin D metabolites and CVD risk [22] . Important insights could be attained through assessment of the relationship between 25(OH)D and subclinical vascular disease markers such as coronary artery calcification (CAC) or carotid intimal medial thickness (cIMT), which predict risk of CVD events. In one study of 173 patients at moderately high risk for coronary heart disease, levels of the active vitamin D metabolite, 1,25-dihydroxyvitamin D [1,25(OH) 2 D], were inversely correlated with the extent of CAC [23] . Low 25(OH)D levels have also been associated with increased cIMT in a diabetic population [24] . These findings have not been confirmed in other lower-risk populations.
The Old Order Amish (OOA) of Lancaster, Pennsylvania, is a closed founder population with homogeneity of lifestyle and environmental exposures. Thus, confounding influences such as socioeconomic status, smoking, physical activity, manner of dress, diet, and medication usage are minimized. In the OOA population, we studied the relationship between serum 25(OH)D levels with measures of subclinical vascular disease and markers of inflammation. We hypothesized that increasing levels of serum 25(OH)D may protect against subclinical vascular disease, as measured by CAC and cIMT. Furthermore, we hypothesized that increasing levels of 25(OH)D would also be inversely associated with inflammatory markers such as CRP, and that the postulated anti-inflammatory properties of vitamin D may be one mechanism for potential CVD risk reduction.
Methods

Participants
The OOA population, an Anabaptist sect, originated in Western Europe and immigrated to the United States in the early 1700s to escape religious persecution [25] . Approximately 200 founder couples who settled in Lancaster County, Pennsylvania, gave rise to the estimated [25,000 OOA living there today [26] . Lancaster is located at a latitude of 40.06°N, at a longitude of 76.3°W, and at an elevation of 183 m. The OOA are a rural population where the men are predominately farmers and the women are homemakers, and cigarette smoking and alcohol consumption are minimal [27] .
The Amish Family Calcification Study (AFCS) was initiated in 2002 to identify the genetic and environmental determinants of calcification of the coronary arteries and bone. A total of 808 participants were recruited onto this study between 2002 and 2006. CAC was measured in all AFCS participants, and serum 25(OH)D levels were measured in a subset of those with available CAC data (n = 650) who were additionally enrolled onto the Amish Family Osteoporosis Study. Given the willingness of the OOA to participate in several overlapping research studies, a subset also had measurement of cIMT and CRP (n = 219 and n = 496, respectively). Informed consent was obtained from all participants, and the study protocols were approved by the institutional review boards of the University of Maryland and all collaborating institutions.
Study Variables
All study participants underwent assessment of potential CVD risk factors through a medical history interview and questionnaire (including assessment of medical history, medication usage, and smoking status), and a detailed physical examination at the Amish Research Clinic in Strasburg, Pennsylvania, as previously reported [28] . Blood pressure was measured twice, and the mean of both measurements was used for analyses. Body mass index (BMI) was calculated (kg/m 2 ). Blood samples were obtained after an overnight fast for serum 25(OH)D, iPTH, total cholesterol, high-density lipoprotein cholesterol (HDL-c), triglycerides, and highsensitivity CRP. Lipid profiles and CRP were assayed by Quest Diagnostics (Maryland and Pennsylvania). Lowdensity lipoprotein cholesterol was calculated by the Friedewald equation [29] . Circulating concentrations of serum iPTH and 25(OH)D were measured in aliquots of serum samples stored at -80°C until testing. A radioimmunoassay procedure was used to measure 25(OH)D (DiaSorin, Stillwater, MN), and an immunoradiometric assay was used to measure iPTH (Nichols Institute Diagnostics, San Juan Capistrano, CA). Both assays were run in duplicate at the Johns Hopkins Bayview Medical Center General Clinical Research Center (Baltimore, MD) according to the manufacturer's instructions, and the mean of the duplicate values was used.
Hypertension was defined as systolic blood pressure C140 mm Hg and/or diastolic blood pressure C90 mm Hg, and/or use of prescription blood pressure-lowering medications. Diabetes was defined by self-report and/or use of hypoglycemic medications. Current smoking included primarily cigars in this population.
A history of CVD was considered to be present if participants answered yes to any one or more of the following questions: ''Have you been told by a physician that the arteries of your heart may be blocked?,'' ''Have you ever had a coronary angiogram that suggested a blockage?,'' ''Have you ever been told by a medical doctor that you had a heart attack?,'' ''Have your ever had coronary artery bypass surgery, coronary angioplasty, balloon procedure or stent put in because arteries of the heart were blocked?,'' ''Have you ever been told by a physician that you had a stroke, cerebral hemorrhage, or brain attack?,'' or ''Have you ever had surgery on a carotid artery in the neck because the artery was blocked?'' Electron beam computed tomography (EBCT) scanning of the coronary arteries was performed on an Imatron C-150 scanner (Imatron, South San Francisco, CA) located in Timonium, Maryland. Coronary arteries were imaged with rapid acquisition of approximately 30-40 contiguous images of 3-mm slice thickness (with a 26-cm field of view) during end diastole with an electrocardiogram triggering used during a single 30-35-second breath hold. CAC was quantified by the previously described Agatston scoring method [30] . The total calcium score was calculated by summing CAC scores from the left main, left anterior descending, left circumflex, and right coronary arteries.
Participants in the cIMT substudy underwent high resolution B-mode ultrasound to image the right and left common carotid arteries (CCA). IMT was measured between lumen intima and media-adventitia interfaces of the far wall of the CCA (the 1-cm segment proximal to the bifurcation) by using an automated edge detection system. The mean cIMT of this 1-cm segment was measured on two separate images of the left and the right CCA at the peak of the R wave on a simultaneous electrocardiogram tracing. The mean of these four measurements was used as the cIMT.
Interscan and interreader reproducibility for CAC and cIMT measurements in the OOA have previously been reported by our group [31] .
Statistical Analyses
Because serum 25(OH)D levels vary depending on the season [32] , 25(OH)D levels were adjusted for season of laboratory sampling in all analyses by dividing the calendar year into four seasons and computing the residual of each subject's 25(OH)D level from the mean of that season by regression analysis. We first tested for correlations between seasonally adjusted serum 25(OH)D and various clinical characteristics after stratifying seasonally adjusted serum 25(OH)D measurements into quartiles (see Table 1 for quartile cutoffs). Because triglycerides and CRP values did not follow a normal distribution, these variables were transformed by their natural logarithms before analysis. CAC was also natural-logarithm transformed after first adding 1 to its value.
The relation of seasonally adjusted 25(OH)D levels with CRP levels and the subclinical vascular disease measures (cIMT and CAC) was assessed first by comparing mean levels of these variables across quartiles of seasonally adjusted 25(OH)D, and then by correlating seasonally adjusted 25(OH)D levels with these measures by linear regression. Logistic regression was also used to determine the risk for the presence of CAC[0 by seasonally adjusted 25(OH)D levels. These regression analyses were performed first with adjustment for age and sex only, and then again after additional adjustment for a panel of additional CVD risk factors chosen a priori that included BMI, current smoking, hypertension, diabetes, total cholesterol, HDL-c, use of lipid-lowering medications, and history of prior CVD. Analyses were performed by a variance component approach as implemented in the SOLAR software in order to account for the relatedness among study subjects [33] . A supplementary analysis was also performed excluding those participants with prior CVD (n = 588 of 654 included). All statistical tests were two-sided, and P \ 0.05 was considered statistically significant.
Before carrying out these analyses, we estimated the minimum correlations (r) detectable in our sample (at a = 0.05) between 25(OH)D levels and CRP, CAC, and cIMT. These analyses indicated that we would have 80% power to detect correlations of 0.13 for CRP (n = 496 participants), 0.11 for CAC (n = 650 subjects), and 0.19 for cIMT (n = 219 participants).
Results
Vitamin D deficiency was common among the OOA, with 38.2% having vitamin D deficiency (levels\20 ng/ml) and 47.7% having suboptimal levels (21-29.9 ng/ml). Mean level of 25(OH)D for the overall study population was 22.3 ± 6.8 ng/ml. Serum 25(OH)D levels varied by season with lower mean levels of 20.2 ± 6.8 ng/ml for winter (October through March) and higher mean levels of 23.8 ± 6.4 ng/ ml for summer (April through September) (P \ 0.0001). Thus, all subsequent analyses were seasonally adjusted using all four seasons.
Clinical characteristics of study participants by quartiles of seasonally adjusted 25(OH)D levels are summarized in Table 1 . Subjects with lower levels of 25(OH)D were older, had a higher BMI, and had higher iPTH (P \ 0.01 for all for trend across quartiles). Age-and sex-adjusted results showed a borderline association of 25(OH)D levels with HDL-c ( Table 1) . In contrast to published survey data from NHANES [14] , 25(OH)D levels did not differ significantly between men and women in the Amish population; nor were there any substantive sex differences in study recruitment by season. Table 2 shows the unadjusted median (and interquartile range) of CAC, cIMT, and CRP values according to quartile of seasonally adjusted 25(OH)D levels. The correlations of seasonally adjusted 25(OH)D levels with each unadjusted variable are shown in Fig. 1 . Significance testing, carried out by regressing 25(OH)D levels against each measure with adjustment for age and sex, still revealed no evidence for association. This result was virtually unchanged with additional adjustment for other CVD risk factors (e.g., BMI, current smoking, hypertension, selfreported diabetes status, total cholesterol, HDL-c, use of cholesterol-lowering medications, and history of CVD).
Results were still not statistically significant in alternative linear regression models excluding those with CVD at baseline [P = 0.78 for log(CAC ? 1), P = 0.73 for cIMT, P = 0.95 for log(CRP)]. Seasonally adjusted 25(OH)D levels were also not associated with the presence of CAC[0 (yes or no) in fully adjusted multivariable logistic regression (P = 0.55). Because 25(OH)D levels may not confer a linear risk across quartiles, levels of 25(OH)D in the lowest quartile (\18.1 ng/ml) were also additionally compared with levels C18.1 (combined quartiles 2-4), but there was still no statistically significant association of the lowest quartile of 25(OH)D with CAC, cIMT, or CRP levels in b P value for all variables (except age and sex) is adjusted for age and sex. P value for age is adjusted for sex, and P value for sex is adjusted for age c P value based on log-transformed values multivariate models. Finally, we formally tested for a parabolic relation between 25(OH)D and outcome by including in the model a polynomial term for 25(OH)D to allow for a nonlinear and nonmonotonic effect on CAC, cIMT, and CRP. In none of these three analyses was the effect of the polynomial term statistically significant.
Discussion
We found that vitamin D deficiency and insufficiency were common among the OOA, with 86% having suboptimal levels (\30 ng/ml). The high prevalence of vitamin D deficiency in the OOA might be related to the practice of wearing clothing that covers most of the skin. Serum 25(OH)D levels vary with geography, seasonality, latitude, and altitude, presumably as a result of sunlight exposure [4] . As expected, we observed significantly lower 25(OH)D levels in the Amish during the winter season. Low 25(OH)D levels have been associated with the CVD risk factors of hypertension [34] , obesity [35] , glucose intolerance [36] , and the metabolic syndrome [15] and has been implicated in the pathogenesis of stroke [10] and congestive heart failure [37] . Yet animal models suggest that animals fed a vitamin D-and cholesterol-rich diet have accelerated atherosclerosis [38, 39] . In humans, however, the associations of both 25(OH)D and 1,25(OH) 2 D levels with CVD events is widely debated in the literature with small case-control studies suggesting both increased [22] and decreased risk [9, 10] . More recently, however, several prospective cohort studies have found an association of low vitamin D levels with myocardial infarction [12] and CVD death [13] . A recent analysis from the Framingham Offspring Study found that 25(OH)D deficiency (serum levels \15 ng/ml) was associated with increased risk of incident CVD events (adjusted hazard ratio 1.62, 95% confidence interval 1.11-2.36) compared with those with levels C15 ng/ml [11] . These discordant findings between studies may be due to confounding influences such as socioeconomic status, smoking, diet, and physical activity level that were not recognized or adequately taken into account. However, in generally healthy postmenopausal women participants of the Women's Health Initiative (WHI), vitamin D supplementation (200 IU b.i.d.) did not reduce CVD risk over 7-year average follow-up [40] , although it is widely agreed that the supplementation dose was inadequate for the normal adult requirement of at least 800 IU daily of vitamin D [41] . Furthermore, 25(OH)D levels were not measured in that trial; thus, whether vitamin D supplementation at higher doses can reduce CVD risk among those with documented vitamin D deficiency is unknown. A more recent meta-analysis of 18 randomized clinical trials, including WHI, did show that participants randomized to vitamin D supplementation experienced fewer deaths compared with those randomized to placebo [42] .
The association of serum levels of vitamin D metabolites with subclinical disease is also controversial. In a group of 173 patients at moderately high risk for coronary heart disease who underwent EBCT scanning of their coronary arteries, Watson et al. found that serum 1,25(OH) 2 D levels were inversely correlated with the extent of coronary calcification [23] . Their findings might be explained by the differentiating effect on cells and the anti-inflammatory effect of 1,25(OH) 2 D found by others [17] [18] [19] [20] [21] . However, another study by Arad et al. found no correlation between serum 1,25(OH) 2 D levels and coronary calcification in 50 patients undergoing coronary angiography [43] .
We did not find a statistically significant relationship between 25(OH)D and CAC despite a larger sample size. However, we studied the association of 25(OH)D (a better marker of vitamin D stores) [1] with subclinical atherosclerosis, whereas Watson et al. studied 1,25(OH) 2 D (the active metabolite), so our studies are not directly comparable [23] . Although a previous study found that low 25(OH)D levels were associated with cIMT among diabetic individuals [24] , we did not find an association of 25(OH)D levels and cIMT.
It is possible that the increased risk that vitamin D deficiency confers on CVD may not be mediated through subclinical disease markers such as CAC or cIMT. If the relationship between low 25(OH)D and CVD risk is causal, other potential mechanisms might include incident hypertension [34] , incident diabetes [44] , left ventricular hypertrophy [45] , and/or regulation of the renin/angiotensin pathway [46] , which may not be reflected in the subclinical markers measured, at least cross-sectionally.
Preliminary studies suggest that vitamin D supplementation may decrease serum markers of inflammation. Timms et al. found that sensitive CRP correlated inversely with 25(OH)D (R = -0.22, P = 0.03) [47] , and two small clinical trials found that treatment with activated vitamin D (calcitriol) lowered serum CRP levels [47, 48] . We found a very weak inverse association of serum 25(OH)D levels with CRP, but this association was no longer present after further adjusting for BMI in our multivariable models.
Study Limitations
The OOA have similar lifestyle and environmental exposures and likely get similar degrees of sunlight exposure because of the confined geographic area in which they live. Thus, confounding influences that might falsely create a relationship between 25(OH)D and CVD or mask such a relationship would be expected to be minimized. However, our results may not be generalizable to other racial/ethnic groups or may not be generalizable to others living in different geographical latitudes and altitudes with differing sunlight exposure. There is a relationship in the OOA between traditional CVD risk factors and subclinical disease suggesting that similar mechanisms leading to atherosclerosis exist in the OOA [28] . The OOA, being a predominantly farming community, likely spend more time outdoors than the majority of Americans. However, despite this, vitamin D insufficiency was common among OOA participants.
Our study is also limited by its cross-sectional design, and residual confounding and reverse causation are potential concerns, as in any cross-sectional study. Also, a one-time 25(OH)D measurement may not reflect lifetime vitamin D status. Vitamin D stores vary over seasons and time within an individual, and subclinical disease develops over years; however, all study variables were measured only once in our population. We did not adjust for serum creatinine in our multivariable analyses, and renal failure is a risk factor for both vitamin D deficiency and CVD. However, only 1% of the AFCS participants had creatinine levels [1.3, and no individuals in the study required chronic kidney dialysis. The sample size in our study was relatively small, so it remains a possibility that a real association between 25(OH)D and subclinical vascular disease or CRP exists and that our study was underpowered to detect it; however, such an association would likely be small in magnitude. Of note, our sample sizes were similar to previous studies [23, 47] 2 D production in the vasculature, which may be more important than circulating levels.
Conclusion
Contrary to our hypothesis that higher levels of serum 25(OH)D would confer protection against subclinical vascular disease and inflammation, this study failed to show significant association between 25(OH)D levels and the presence or severity of CAC, nor was there a significant independent association of 25(OH)D with cIMT and CRP, suggesting that circulating 25(OH)D levels do not explain variation in markers of subclinical vascular disease or inflammation measured at the same time in the OOA.
